We perform bimodal atomic force microscopy measurements on a Br-doped NaCl (001) surface to investigate the mechanisms behind frequency shift and energy dissipation contrasts. The peculiar pattern of the dissipated energy in the torsional channel, related to frictional processes, is increased at the positions of Br impurities, otherwise indistinguishable from Cl ions in the other measured channels. Our simulations reveal how the energy dissipates by the rearrangement of the tip apex and how the process is ultimately governed by lateral forces. Even the slightest change in lateral forces, induced by the presence of a Br impurity, is enough to trigger the apex reconstruction more often, thus increasing the dissipation contrast; the predicted dissipation pattern and magnitude are in good quantitative agreement with the measurements.
Friction, wear, and adhesion are some of the most fundamental processes in nature [1, 2] . Characterization and control of such phenomena are of key importance in every kind of machinery [3, 4] , as well as biological systems at different scales [5] . The dynamics of any two objects rubbed against each other is ultimately governed by atomic-scale interactions between the microscopic asperities that build up the effective contact area [6] . Since the invention of atomic force microscopy in 1986 [7] , a detailed study of friction and wear properties became possible by reducing the contact area down to the nanometer scale [8] , and a large amount of scientific effort has been directed towards understanding the ''nanoscale'' origin of friction [9] [10] [11] [12] [13] . It has been shown that the classical laws often fail at this scale: Friction has indeed a complex dependence on the applied load [14] , sliding velocity [15] , and temperature [16] ; several studies investigated how friction can be controlled [2, 17] , and the existence of a frictionless regime was also proven [18, 19] . Although these measurements have successfully shed light on some aspects of the nanoscale nature of friction, we still lack detailed knowledge of the atomic-scale processes measured with a controlled single atomic contact. In particular, the link between frictional and adhesive forces, and dissipated energy at the atomic scale, remains poorly explored. While normal and lateral forces can be associated to the gradient of the interaction potential [20] , their relation to nonconservative and adhesive mechanisms is yet unknown.
Dynamic force microscopy (DFM) enables us to measure the tip-sample forces normal to the surface by detecting changes in the oscillation frequency shift Áf Z of a stiff cantilever [21] , yielding high sensitivity and preventing jump-into-contact instability. This technique has been widely used to characterize insulating materials [22, 23] . Furthermore, the tip-sample interaction potential can then be extracted from the measured Z-distance-dependent curve of Áf Z [24] . If the gradient is calculated along the surface plane, one can estimate lateral forces as well [20, [25] [26] [27] . However, this method cannot take into account nonconservative effects happening during the lateral tip movement and their influence on the extracted forces. Alternatively, one can excite the torsional resonance of the cantilever (TR-AFM) [28, 29] , enabling direct detection of the lateral force gradient from the torsional frequency shift, Áf TR [30] , and the energy loss in the oscillation E TR from the driving excitation signal. Since the tip oscillates laterally thousands of times while acquiring a sample, the signal gives an average value, equivalent to the measurement of several friction loops in contact mode, and the dissipated energy corresponds to the average energy loss in the loops. Operating at dithering amplitude below the surface lattice size (A TR < 100 pm) enables us to measure atomic-scale lateral interactions, and the instabilities responsible for friction losses can be detected on the surface with atomic resolution.
The flexural and torsional modes can also be combined in the so-called bimodal operation [31] [32] [33] allowing simultaneous measurement of both normal and lateral interactions, with all the advantages of dynamic atomic force microscopy (AFM): In particular, it is possible to measure accurately lateral interactions at relatively close distance through the torsional signals, while the vertical tip-sample distance is controlled by the flexural frequency shift, giving
week ending 17 MAY 2013 0031-9007=13=110 (20)=203203 (5) 203203-1 Ó 2013 American Physical Society higher accuracy than the normal deflection control in conventional friction force microscopy. Unfortunately, this method further complicates the interpretation of the data, because only a small part of the torsional oscillation will take place when the tip is close to the surface, in the lower turning point of the flexural cycle, while for most of the time, the tip is further away, subject to weaker interactions. Despite the extreme sensitivity of DFM, damping images cannot be routinely analyzed, since the underlying dissipative mechanisms are still not experimentally accessible and, therefore, remain unknown. Different theoretical studies suggest the main cause of dissipation to be the adhesion hysteresis [34, 35] ; however, its atomic-scale detail is strongly dependent on the particular system [36] [37] [38] [39] . Therefore, theoretical calculations become important to provide understanding of the imaging mechanism in terms of the atomic motion.
In this Letter, we study the Br-doped NaCl(001) surface by combining different experimental as well as theoretical techniques. We measure the tip-sample interactions by using bimodal DFM and study the dissipative mechanism behind the peculiar pattern observed in E TR maps: First, we formulate a general mathematical model explaining the results and carry out molecular dynamics simulations. The assumptions of the mathematical model were validated by our atomistic calculations, and the effects of Br defects in the images were also predicted and understood.
The studied sample consists of a Br-doped NaCl crystal (NaCl 0:9 Br 0:1 ). The concentration of Br was ex situ analyzed with energy dispersive x-ray spectroscopy (see Supplemental Material [40] for details). The DFM experiments were performed with our homemade ultrahigh vacuum apparatus, operating at room temperature [41] ; the tip was indented into the sample prior the measurements. Vertical and lateral tip-sample interactions were measured by using bimodal DFM from the flexural and torsional resonance frequency shifts of a commercially available Si cantilever [42] [43] [44] . The frequency shifts of both flexural Áf Z and torsional modes Áf TR were detected with two sets of the digital phase-locked loop (Nanonis: dual-OC4), and the amplitudes (A Z and A TR ) were kept constant by controlling the excitation signals to the dither piezoelectric actuator; from the excitation signals, the vertical E Z and lateral E TR energy dissipations were obtained [45] . Further details on the experiments are described in the Supplemental Material [40] . Figure 1 shows simultaneous measurements of the frequency shifts Áf and the energy dissipation E for both modes, measured at quasiconstant height: The measured topographic contrast is as small as 1 pm, thus below the sensitivity of the digital electronics. The Áf Z , Áf TR , and E Z maps reveal the well-known atomic pattern of NaCl (001): As a result of the large flexural amplitude, the Áf Z contrast is weak and noisy, while the Áf TR signal, affected only by lateral site-dependent interactions [44] , gives very high resolution [42, 43] . The overall magnitude of the energy dissipation in the flexural mode E Z is quite large (% 4:5 eV), and it systematically increases as the tip-sample distance is reduced (see Fig. 4S in the Supplemental Material [40] for more details); the atomic contrast in E Z map is weak but anyway visible on top of the large offset. This behavior is consistent with the mechanical coupling issue [46, 47] .
Our attention was quickly drawn to the E TR map, whose pattern seems inconsistent with the crystal lattice: The observed contrast features do not correspond to the surface cation or anion sites. Two distinct dissipation peaks are measured, with a slight asymmetry in relative intensity, adjacent to the negative surface ions, with a local minimum located above the atomic site; despite their small intensity (<1:21 meV=cycle), these features are sharply resolved and have a clear contrast. Interestingly, about 20% of these double features have a brighter contrast than the others, suggesting that they result from Br impurities. The concentration of impurities in the E TR map appears higher than the value given by energy dispersive x-ray spectra, and we attribute this effect to the segregation and diffusion of Br ions during annealing. Unlike previous experiments on mixed crystals where the Br impurities could be seen with conventional noncontact-AFM topography [48] 
This remarks the delicate dependence of the contrast mechanism on the atomic detail of the tip. Figure 2 (a) shows the Áf TR and E TR maps in a narrow area of the surface, including both Cl and Br, while the details of the analyzed line scan are shown in Fig. 2(b) . The shoulder observed in Áf TR next to the negative ions is the tail of the features coming from the Cl and Br ions on the adjacent atomic rows and is due to the small angle between the tip dithering direction, along the fast-scan direction, and the crystal orientation. Along A-A 0 and B-B 0 , two-dimensional distance-dependent measurements of Áf TR and E TR were performed, and, from those, the actual lateral force gradient F 0 x and dissipation E lateral at a constant tip-sample separation were extracted, thus removing the averaging effect due to the large flexural oscillation amplitude (see Supplemental Material [40] for details). and energy dissipation E lateral : The lateral force gradient at the negative ion sites is around À2 N=m, and the lateral energy dissipation is up to 40 meV=cycle. The negative sign of the force gradient above Cl and Br is a quite puzzling result, which suggests an attractive tip-surface interaction at the Cl and Br sites: This is in contrast with Áf Z maps, that implies a repulsive tip-sample interaction on the very same sites. The data indicate that the tip apex changes polarity at close approach due to a reversible instability; thus, the lateral oscillation detects the inverted interaction.
Using a very simple model, we can already grasp the origin of the double peak in E TR . If we assume the tipsample interaction potential along an atomic row to be given by V TS ðxÞ ¼ cosð2x=aÞ, where a is the lattice constant, the potential has its extrema at x ¼ 0, a=2, where the ions are located. Then the lateral force is obtained from its gradient: F x ðxÞ ¼ Àr x V TS ðxÞ / sinð2x=aÞ; this approximates the electrostatic potential between the surface and a single-ion tip reasonably well, as shown in the Supplemental Material [40] . The lateral force is strongest at x ¼ AEa=4, or rather between positive and negative ions along the atomic row, and under such intense forces the tip apex might reconfigure itself, as suggested in Ref. [35] , ultimately leading to hysteresis during the oscillation cycle and energy dissipation to appear as a double feature.
We performed classical molecular dynamics simulations of the lateral tip movement in order to confirm the existence of such a reconstruction mechanism and predict how much dissipation it could account for. The model treats atoms as point charges interacting through Coulomb electrostatic and short-range Buckingham-type pair potentials [50] [51] [52] . The AFM tip is modeled dynamically, following a procedure similar to the experiment, where a rough oxide tip indents the NaCl sample, adsorbing surface material at the apex [39] . Furthermore, the tip is annealed through several flexural AFM oscillation cycles, until the apex reconstructs into a crystallinelike shape [ Fig. 3(a) , inset]. The clean surface model consists of a 10 Â 10 Â 4 NaCl slab, and the doped model was obtained by replacing a surface Cl atom with Br. The boundary atoms of the slab, as well as the uppermost layers of the tip, are harmonically restrained and a thermostat keeps them at 300 K, while all other atoms are Newtonian. The simulation features only the torsional oscillation of the tip, at constant height with an amplitude A TR ¼ 0:5 # A: The cycle is always initiated with a random phase, thus taking into account the incommensurable flexural and lateral frequencies. The lateral force and dissipation are then obtained by averaging forces on the tip atoms and their hysteresis over 100 simulated cycles at a constant tip-sample distance of z ¼ 3:5 # A; the calculation is repeated by using different initial tip positions above the surface, covering the area of a unit cell (more details in the Supplemental Material [40] ).
A possible dominant factor in the dissipation energy in the flexural oscillation, namely, the formation and rupture of atomic chains [39] , was proven to be prohibited by this 
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week ending 17 MAY 2013 203203-3 tip; furthermore, the Cl-terminated apex is repelled by surface Cl and Br atoms due to their Coulomb interaction, and thus we expect the same Áf Z pattern seen in the experiments: This has been verified and the calculated force curves are shown in the Supplemental Material [40] . Figure 3(a) shows the lateral force calculated along atomic lines with either Cl or Br atoms at the midpoint: There is no significant difference with respect to the negative ion, and this agrees with the lack of contrast on Br defects in the experimental Áf TR map. The force gradient on the negative ion is 4 N=m. In Fig. 3(b) , energy dissipation is observed at the points where lateral forces reach their highest values, and from the atomic trajectories we can see how this is caused by small stochastic reconstructions of the apex. After computing a few more points on parallel scan lines, it was possible to reconstruct a dissipation image [ Fig. 3(b) , inset]. The simulated pattern and the dissipation value are in good agreement with the extracted lateral dissipation E lateral from the experiments. There is a clear asymmetry in the relative intensity of the two peaks, also observed, to a lesser degree, in the experimental images. The model tip is not symmetric with respect to the scan direction; thus, apex reconstructions are more likely to occur on one side of the negative surface ion. Dissipation calculated on the surface containing Br impurities is clearly higher, and this can be due to the Br ion remaining on average 7.5 pm above the surface plane and pushing the neighboring Na atoms away by 7-8 pm with respect to their positions in the clean NaCl surface, hence interacting more strongly with the tip, and triggering more reconstruction events. The measured Áf z contrast, combined with the increased dissipation on Br defects and the symmetry of the surface, suggests that the Cl and Br ions are located at the center of the double peaks and that the tip should be negatively terminated (details in the Supplemental Material [40] ).
In conclusion, we found that energy dissipation in the torsional oscillation is caused by atomic reconstruction of the tip apex under strong lateral forces resulting from the interaction with the surface. The structural changes are triggered at the points of highest forces, located between positive and negative surface ions along an atomic row: The initial theoretical hypothesis was confirmed by more elaborate molecular dynamics simulations with a realistic model tip. The apparently odd dissipation pattern observed in the experiment was reproduced in our simulations with good quantitative agreement, considering the simplicity of the classical model. Strikingly, the small variation in the tip-sample interaction, caused by the presence of Br impurities, not detectable by the conservative Áf signals at room temperature, was observed in the E TR signal as an increased dissipation contrast. With our simulations we could attribute this effect to the higher vertical position of Br impurities and the locally stretched lattice of the neighboring Na atoms: Despite such changes consisting of only a few picometer displacements, they are enough to increase the occurrence rate of apex reconstructions, and hence dissipation, and result in a clearly visible increase in contrast.
Our study gives unambiguous evidence of how extremely small variations in the surface structure, undetectable by conventional DFM, produce a distinct signature in the lateral dissipation signal, where these small changes amplify the nonconservative interaction. Furthermore, our contribution shows how DFM energy dissipation, often considered a by-product of the measurement apparatus, provides unique insight into the surface properties: The observed subatomic dissipation features correspond to the atomic-scale energy loss in an ultrasmall friction loop. Apart from studying the ultimate friction processes, this technique can be used to image and identify hidden defects or the bond stiffness between a surface and adsorbed molecules, that might be of crucial importance in novel technological applications.
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